The workability of fresh Portland cement (PC) concrete critically depends on the reaction of the cubic tricalcium aluminate (C3A) phase in Ca-and S-rich pH > 12 aqueous solution, yet its rate controlling mechanism is poorly understood. In this paper, the role of adsorption phenomena in C3A dissolution in aqueous Ca-, S-and polynaphthalene sulfonate (PNS)-containing solutions is 2 analysed. The zeta potential and pH results are consistent with the isoelectric point of C3A occurring at pH ≈ 12, do not show an inversion of its electric double layer potential as a function of S nor Ca concentration, and that PNS adsorbs onto C3A, reducing its zeta potential to negative values at pH > 12. The S and Ca K-edge X-ray absorption spectroscopy (XAS) data obtained do not indicate structural incorporation nor specific adsorption of SO4 2on the partially-dissolved C3A solids analysed. Together with supporting X-ray ptychography and scanning electron microscopy results, a model for C3A dissolution inhibition in hydrated PC systems is proposed whereby the formation of an Al-rich leached layer and complexation of Ca-S ion pairs onto this leached layer provide the key inhibiting effect(s). This model reconciles the results obtained here with the existing literature, including the inhibiting action of macromolecules such as PNS and polyphosphonic acids on C3A dissolution. Therefore, this paper advances the understanding of the rate controlling mechanism in hydrated C3A and thus PC systems, which is important to better control the workability of fresh PC concrete.
Introduction
Portland cement (PC) concrete is the second most used commodity after fresh water.
Approximately ~40 Gt of this material was produced in 2014 (assuming PC concrete contains ~10 wt.% PC). 1 Most concrete is 'ready-mixed' at a concrete plant and then placed on site as a concentrated slurry, 1 which sets to form the ubiquitous material that constitutes most civil infrastructure in existence today and will be built in the foreseeable future. Careful control of the PC concrete setting process is imperative to achieving a fluid, workable material throughout placement, and to produce a strong and durable construction material. The rheology and setting time of fresh PC concrete are significantly controlled by adding solid CaSO4 (typically gypsum, CaSO4·2H2O) to retard the hydration of the highly reactive cubic tricalcium aluminate (C3A, Ca3Al2O6, where C = CaO and A = Al2O3) phase in PC, which can be prolonged for hours.
In PC, C3A is generally present as intimately intermixed crystallites with other phases, which are mostly tri-and di-calcium silicate (Ca3SiO5 and Ca2SiO4, respectively), and tetracalcium aluminoferrite (Ca4Al2Fe2O10). 2 The structure of C3A contains tetrahedral Al in Al6O18 18- 
rings and
Ca atoms in distorted octahedral or irregular bonding environments. 3, 4, 5 Dissolution of C3A in portlandite (Ca(OH)2)-saturated aqueous CaSO4 solutions leads mainly to the precipitation of ettringite (Ca6Al2S3O18·32H2O) and 'alumino-ferrite-mono' (AFm) phases in CaO-Al2O3-SO3-H2O systems with mechanistically comparable yet slightly lower S/Al molar ratios (≈ 0.1 6 ) than that present in PC systems (≈ 0.5 7 ) . AFm phases are layered double hydroxides based on substituted Ca(OH)2-type structures. These AFm phases also precipitate initially in the absence of CaSO4, although they are later destabilised to the more thermodynamically stable katoite (Ca3Al2O6.6H2O) phase. 8 In the absence of CaSO4, C3A dissolution occurs so rapidly that most PC concrete irreversibly loses fluidity and prematurely 'flash' sets, greatly reducing workability and strength development. 2 Other compounds (admixtures), e.g., CaCl2, 9 and organic admixtures and polynaphthalene sulfonate (PNS), 10 are also added to modify the reactivity of PC and workability of fresh PC concrete, their dosage depending on the reactivity of C3A. 11 PNS is a synthetic commercial water-reducing admixture, typically polydispersed with mean molecular mass of >>1000 Da, 12, 13 that adsorbs onto hydrated PC particles and retards C3A dissolution. 11, 13 Despite the relatively low fraction of C3A in PC (~5-10 wt.%), the properties of fresh PC concrete in the 'induction period' (i.e., the period of relatively high workability and low reaction rate of PC) critically depend on this phase. The C3A/solution interface chemistry in aqueous CaSO4 solutions and in water is significantly different, 14, 15, 16 with adsorption phenomena generally agreed to provide the key C3A dissolution inhibiting mechanism in the former system. The seminal work on this topic 14, 17 used electron spectroscopy and Ar ion milling to identify an Al-rich 'leached layer' at the C3A/solution interface, and electrophoresis and analytical chemistry methods to propose that both Ca ions and SO4 2complexes adsorb onto this layer and inhibit C3A dissolution. This description is consistent with previous work 2, 16 and sustained by later research. 6, 18, 19 The cement research community has recently rallied in support of adsorbed SO4 2complexes providing the key C3A dissolution rate controlling factor in aqueous CaSO4 systems, 20, 21 although not necessarily mentioning the Al-rich leached layer 14, 17 to which these SO4 2complexes would adsorb onto.
The postulated complexation of Ca and SO4 2on partially-hydrated C3A is, however, based only on indirect macro-and/or microscopic evidence rather than direct molecular-scale information.
Therefore, the chemistry and structure of the Al-rich leached layer and proposed Ca ions and SO4 2- complexes are not known in enough detail to confirm the adsorption-controlled C3A dissolution hypothesis. The proposed inhibiting effect of singly adsorbed SO4 2complexes on C3A dissolution is also inconsistent with the adsorption behaviour of SO4 2in metal (hydr)oxide systems, where it interacts as a weak to intermediate adsorbate, similarly to SeO4 2-. 22 For example, the tendencies of SO4 2and SeO4 2to specifically adsorb onto (bayerite-type) Al(OH)3, γ-Al2O3, δ-Al2O3 and goethite (α-FeOOH) decrease strongly with increasing pH, 23, 24, 25, 26 with essentially no adsorption occurring above the pH of point of zero charge (pHpzc), i.e., above pH 7-10. Therefore, specific adsorption of SO4 2onto the partially-dissolved C3A surface at cement-relevant pH (i.e., pH > 12)
is unlikely because this surface is Al-rich and is chemically similar to Al (hydr)oxide. 14 
Recent
research has also identified the weak adsorption of Ca 2+ on gibbsite (Al(OH)3). 27 This finding contradicts the description of the partially-dissolved C3A surface provided by Skalny and Tadros, 17 who considered it to behave analogously to γ-Al2O3 and specifically adsorb Ca 2+ . 28 A better understanding of the surface chemistry of partially-dissolved C3A in aqueous solutions relevant to fresh PC concrete (i.e., containing Ca and S, and particularly at high pH) is needed to clarify these apparent contradictions. The effects of other commonly used admixtures (e.g., PNS) on the chemistry of the C3A/solution interface chemistry are also incompletely understood.
Here, the surface chemistry of partially-dissolved C3A in various Ca-and S-containing aqueous solutions is analysed by making use of the Gouy-Chapman-Stern model of the electric double layer (EDL). 29, 30, 31 The EDL is thus conceptualised to contain: i) a 's-plane' related to the structural and proton charge at the solid surface; ii) a 'Stern layer', which contains 'a' and 'β' planes associated with inner-sphere and outer-sphere (i.e., separated by at least one water molecule) complexes, respectively; and iii) a 'd-plane' further from the solid surface associated with the diffuse layer ('diffuse ion swarm') that balances the surface charge. Adsorption of inner-sphere complexes is specific, whereas adsorption of outer-sphere and diffuse layer complexes is non-specific. The
Debye length (κ -1 ) is an intrinsic length scale of the EDL that is a measure of the distance from the charged particle surface that coions (same charge as the particle surface) are excluded from. 31 It is commonly associated with the 'plane of shear', which is assigned to the outer periphery of the Stern layer, including part of the diffuse layer. 30 Zeta potential measurements of aqueous C3A samples are obtained systematically as functions of the pH and solution chemistry here. This is important because so far only a limited set of conditions have been used to characterise the chemistry of the C3A/ solution interface. 14, 15, 32, 33 15, 33, 34, 35 Morphological information of partially-dissolved C3A particles is obtained by scanning electron microscopy (SEM) and complementary X-ray ptychographic imaging at the Advanced Light Source (ALS). 36 This paper aims to unify these results to provide an advanced description of the surface chemistry of partially-dissolved C3A and insight into the rate-controlling mechanism of C3A dissolution in PC-relevant aqueous solutions.
Experimental

Solids:
The C3A used (Mineral Research Processing Cie, hereafter MRP) was synthesised by firing a stoichiometric mixture of CaCO3 and Al2O3 (both from Merck) twice at 1350°C for two hours in platinum vessels, and ground to a fine powder in an intermediate step. Its particle size distribution (PSD) and specific surface area is shown in the supporting information (SI). The powder was lightly reground for ~30 s by hand under a N2 (g) atmosphere to create surface area that has been unexposed to air, and then stored in vacuum-sealed bags before use. Scanning electron microscope (SEM) imaging (see section 3.2) shows that particle diameters in the reground material are similar to the previously measured values. X-ray diffraction (XRD) and Rietveld analyses (using PANalytical HighScore Plus) showed that the C3A powder contained ≥99 wt.% cubic C3A (Powder Diffraction File (PDF)# 01-070-0839) (estimated uncertainty = ±3 wt.%). Free lime (CaO) was not identified in the X-ray diffractogram of the C3A powder used ( Figure S1 , SI).
Reference zeta potential and XAS data were collected for several common phases in the C3Awater(-calcium sulfate) system. These phases are ettringite (MRP), gypsum (Sigma-Aldrich), and XRD data collected for these precursor materials are shown in Appendix C (SI). These reference data were used to assist in analysing the zeta potential, SEM, X-ray ptychography and XAS results obtained for the C3A-containing samples. where a is the particle radius (Å) and  - is the Debye length (Å) (κ -1 = 2.8/I 0.5 Å in the absence of organic compounds, 38 i.e., κ  > 5.1 Å here). This condition is attained here due to the relatively large particle sizes of the solids used. Partial sedimentation of particles was identified in some samples during the electrophoresis experiments but was not corrected for.
Zeta potential and pH:
Each zeta potential datum reported here represents the mean value of 15 measurements taken during specified time intervals after C3A and precursor solutions were mixed (i.e., 80±20 s, 130±30 s, 220±60 s, 550±50 s). These reaction times were selected to sample the fastest times that the experiments could be reproducibly performed (limiting precipitation of reaction products), and the effects of precipitation and slight variation in l/s values used on the results. Measurements were repeated multiple times (see section 3.1) to obtain an overall picture of the experimental uncertainty (estimated measurement error for each datum = ±15 mV). without a filtration step. Excess liquid was quickly removed using Kimwipes (Kimtech). The samples were then immediately transferred to the instrument chamber and subsequently exposed to a 750 eV X-ray beam at ~0.001 Pa. The pixel size of the reconstructed images obtained is ~5 nm × 5 nm. Further details of the X-ray ptychography experimental setup used are presented in 36 .
SEM and X-ray ptychography:
S K-edge XAS:
S K-edge XAS was performed at beamline 5.2 (SUT-NANOTEC-SLRI) at the SLRI, Thailand, which operates at 1.2 GeV and 50-150 mA, and produces 10 8 -10 10 photons s -1 at a bending magnet source. The beam has a lifetime of ~12 hours and an emittance of 41 nm rad.
Experiments were conducted in fluorescence mode using a 4-element Si drift detector (Vortex), an InSb(111) crystal monochromator, and a beam size of 20 mm × 1 mm. The XAS data collected were referenced by assigning 2472.0 eV to the lowest energy inflexion point of the K-edge absorption spectrum of S powder (oxidation state = 0, Sigma-Aldrich #414980). S K-edge X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were collected from 2402 to 3120 eV with step sizes of 5 eV up to 2452 eV, 0.2 eV from 2452 to 2502 eV, and 1-5 eV from 2502 to 3120 eV.
Reference solid phases (S-AFm, ettringite and gypsum) were mixed with ~1 µm 3 and then stuck to a kapton tape backing and transferred to the He (g)-filled instrument chamber.
Ca K-edge XAS:
Unreacted and partially-reacted C3A, and gypsum were prepared for Ca K-edge XAS analysis by first spreading 0.020 g of C3A or gypsum onto carbon tape covered sample stages.
The partially-reacted C3A sample was produced by immersing a C3A-covered sample stage into 20 ml saturated gypsum solution for 1 s, which was then immediately rinsed with ≥99.9% ethanol (EMSURE®, Merck) for 60 s to remove excess aqueous solution. Samples were analysed at the extended Ca K-edge (3960-4800 eV). Experiments were performed at beamline SXS, LNLS, located at the 4° port of the bending magnet station D004A, using a double crystal Si (111) monochromator, a photon flux of 2.4 × 10 10 photons s -1 at 3 keV machine energy, and a current of 100 mA. Spectra were collected in total electron yield (TEY) mode at 2 × 10 -4 Pa. Three to ten spectra were collected and averaged for each sample. Energy calibration was performed using the L3 2p3/2 Mo peak by assigning the energy of the first edge inflection point to 2520 eV. The S and Ca K-edge XAS data are analysed using the Athena and Artemis modules of the Demeter v.0.9.24
software, 39 which utilises FEFF6 and IFEFFIT v.1.2.12.
Results and discussion
Zeta potential, pH and ICP-OES
The following coupled zeta potential and solution chemistry analysis is used to investigate the influence of cations (e.g., Ca 2+ and CaOH + ), anions (e.g., SO4 2-, Cl -), and ion pairing (e.g., CaSO4 0 ) on the surface potential of C3A and chemistry at the C3A/solution interface. Zeta potential values measured at different reaction times are similar at constant pH, for each reaction system. The data obtained for C3A immersed in water are consistent with an isoelectric point (IEP) at pH ≈ 12 and the existing data for this phase, 14 with the zeta potential decreasing from ~40 mV below pH ≈ 10 to -30 mV at pH = 12.8 ( Figure 1A) . The large range of zeta potentials measured for C3A at pH > 12 here may result from heterogeneous C3A dissolution and thus a variety of chemistries at the C3A surface, and the presence of surface-bound reaction products (see section 3.2).
Significantly increased zeta potentials for C3A in 0.017 M CaCl2 relative to water are only measured at pH > 12 ( Figure 1B) , and are mostly non-negative in this pH range. The similar yet less negative zeta potentials measured for C3A in 0.017 M CaCl2 relative to water suggests that the EDL is compressed in the former system relative to the latter due to its increased ionic strength.
The data do not show an inversion of the zeta potential at pH > 12 with respect to these systems, which does not support the assignment of specifically adsorbed Ca on partially-dissolved C3A. The zeta potentials measured for C3A in 0.013 M K2SO4 are close to zero over the range of pH values analysed ( Figure 1C ), and are within the range of zeta potentials measured for C3A in water at pH ≥ 11.5. The IEP of C3A is identified to occur at pH ≈ 12 in this system. The overall range of zeta potential values for C3A immersed in 0.013 M K2SO4 is greatly reduced relative to the 0.017 M CaCl2 system, indicating that SO4 2ions are much more effective at compressing the diffuse layer than Clions due to their increased effect on ionic strength. It is expected that SO4 2is the dominant aqueous S species here because K2SO4 is a strong electrolyte and pKa2(H2SO4) ≈ 2.
Charge reversal is not identified in the 0.013 M K2SO4 system relative to water, which can suggest that SO4 2is non-specifically adsorbed at pH < 12, although it is not possible to unambiguously determine the molecular structure of adsorbed SO4 2complexes from these zeta potential data alone. However, specific adsorption of SO4 2onto C3A is not supported by existing work: adsorbed inner-sphere SO4 2would be consistent with C3A dissolution inhibition by blocking surface sites from reacting with aqueous species, although only small differences in the rates of heat released and solid phases produced by C3A dissolution in water, Na2SO4 and K2SO4 is measured (additional details regarding 40 are provided as SI). 13, 40 Similar results are obtained for C3A in 0.013 M K2SO4 and 0.013 M CaSO4 ( Figures 1C-1D ). The IEP of C3A is identified to occur at pH ≈ 12 in the latter system. The significantly reduced range of zeta potentials measured for C3A in 0.013 M CaSO4 relative to 0.017 M CaCl2 is again consistent with SO4 2more effectively compressing the diffuse layer of C3A than Cl -, and shows that this effect, assigned to ionic strength differences, is essentially independent of the balancing cation (Ca 2+ or K + ). The absence of a reversal in zeta potential values at constant pH in this 0.013 M CaSO4 system relative to water is consistent with assigning Ca complexes (e.g., Ca 2+ and CaOH + ) and SO4 2to non-specifically adsorbed species in the aqueous C3A systems analysed here.
On the basis of current and prior observations of zeta potentials in aqueous C3A systems, 14, 15, 32, 33 it is not possible to conclude that Ca or S alone inhibit C3A dissolution through an adsorption mechanism. However, the significance of Ca in inhibiting C3A dissolution is supported by reported reduced C3A dissolution rates in the presence of aqueous solutions with higher Ca concentrations, e.g., aqueous CaSO4 6,17 and CaCl2 solutions, 41 and also by reported uninhibited C3A dissolution rates in aqueous Na2SO4 solutions (lower Ca concentration). 40 Given the consensus that CaSO4 significantly affects C3A dissolution rates, a cooperative effect can be proposed to arise whereby to their close proximity to the C3A surface, which could additionally inhibit C3A dissolution through enhanced surface polymerisation and blocking of reactive surface sites (see section 3.5). 30 Surface-bound precipitates and adsorbed Ca-S ion pair complexes are explored further below. This analysis does not preclude differences in adsorption behaviour with respect to different surface site types, e.g., step, kink, and adatom. 43 This pH and zeta potential analysis is also applied to aqueous PNS systems to better understand the adsorption behaviour of PNS on C3A, as it is a commonly used admixture. Analogous to the 0.013 M K2SO4 and 0.013 M CaSO4 systems, zeta potentials of C3A are reduced to approximately zero in 0.03 wt.% PNS at pH < 11.5 ( Figure 1E ). However, the zeta potentials of C3A in 0.03 wt.% PNS at pH > 11.5 are all negative; therefore, PNS has inverted the zeta potential of C3A in this system relative to the positive values obtained in water in this pH range. This result indicates that PNS adsorbs onto partially-dissolved C3A. This interpretation is consistent with the reported C3A dissolution-inhibiting action of PNS, 13, 32 because adsorption of macromolecules such as PNS would facilitate blocking of reactive surface sites. The zeta potential results would then suggest that adsorption of PNS onto solid reaction products is also likely, particularly onto phases such as ettringite and 34 AFm 44 that specifically complex SO4 2-(the latter of which precipitates here, see section 3.2), because the chemistry of SO4 2and -SO3functional groups in PNS are similar. 45 Existing research shows that PNS alters the chemistry and morphology of ettringite, 33,46 consistent with this interpretation. The influence of surface-bound precipitates are explored further below.
SEM and X-ray ptychography
X-ray ptychographic and SEM images of partially-dissolved C3A particles were obtained to qualitatively assess the influence of surface-bound precipitates on the zeta potential and pH data, and to compare with the S and Ca K-edge XAS results (sections 3.3-3.4). Solid reaction products with predominantly hexagonal plate-type morphology, most likely AFm phases, 9, 40 Moderate to high proportions of the partially-dissolved C3A surface are exposed in the reacted samples ( Figures 2B-2G , unfilled yellow squares). Exposed surface area is qualitatively assigned to visually smooth areas with no hexagonal plate-shaped features that are characteristic of solid reaction products. This interpretation is consistent with the visually smooth surfaces of the unreacted C3A particles imaged by SEM (Figure 2A ). Exposed C3A surface area is irregularly spaced in each reacted sample. Moderate amounts of both solid reaction products and exposed C3A surface area are observed in the images of C3A partially reacted in water, 0.017 M CaCl2, 0.013 K2SO4, and 0.013 M CaSO4. Less precipitates are identified on C3A particles partially reacted in 0.03 wt.% PNS, thus PNS has inhibited the dissolution of C3A in this system. In summary, the SEM and X-ray ptychography results show that precipitates cover low ( Figure 2D ) to moderate ( Figures 2B, 2C , 2E and 2F) proportions of the partially-dissolved C3A surface. Therefore, the SEM and X-ray ptychography results signify that surface-bound precipitates provide secondary, rather than dominant effects, on the zeta potential values and trends shown in Figure 1 .
S K-edge XAS
S K-edge XAS data were obtained to directly analyse the chemistry of S adsorbed on C3A partially reacted in 0.013 M CaSO4. The S K-edge XANES spectra ( Figure 3A ) are all characteristic of S in the 6+ oxidation state (i.e., SO4 2-) with peak a located at 2483.5-2483.8 eV, 48 which represents the transition of the 1s core electron to the 3p-like t2 state. 48 With the exception of gypsum, all the spectra show a broad peak b at 2499 eV that is assigned to multiple scattering (MS) resonances. 48 The S K-edge XANES spectrum for gypsum contains three distinct post-edge peaks, consistent with existing results. 48, 49 These peaks are also reported for anhydrite. 50 The features of the ettringite and S-AFm spectra are consistent with the published S K-edge XANES data for these phases. 48, 49, 50 The S K-edge XANES spectra for C3A and katoite immersed in 0.013 M CaSO4 ( Figure 3A) represent SO4 2in S-containing reaction products and/or residual (formerly aqueous or adsorbed) SO4 2remaining after washing with ethanol and drying. The significant differences between these XANES spectra and those obtained for gypsum show that gypsum is absent in the katoite and C3Acontaining samples. This analysis is supported by the k 3 -weighted χ data ( Figure 3B ) collected for these samples, as the spectrum for gypsum contains a shoulder at 4.5 Å -1 (peak *) but the spectra for the C3A-and katoite-containing samples do not. A shoulder at this k-value is also present in the k 3 -weighted χ data for ettringite (peak *, Figure 3B ), both dry and after immersion in 0.013 M CaSO4 for 300 s, ruling out the presence of this phase in the C3A-and katoite-containing samples.
This result is consistent with the absence of ettringite (needle-like precipitates) in the SEM images at this reaction time ( Figure 2G, section 3. 2). The k 3 -weighted χ data for the katoite and C3A samples, 0.013 M CaSO4, and for the systems containing S-AFm, are qualitatively similar.
The magnitudes of the radial structure functions (RSFs) obtained by Fourier transforming the χ data ( Figure 3C ), which represent approximate interatomic correlations between S and nearby atoms in real space (modified slightly negatively from the true interatomic correlations by the phase function 51 ), all show a dominant peak at ~1.1 Å (peak c) that is assigned to single scattering (SS) of S-O atoms in SO4 2tetrahedra. The minor peaks at smaller distances are artefacts caused by truncating the Fourier transform and do not correspond to scattering atoms. The position of this peak corresponds to true atomic S-O distances of ~1.3-1.5 Å, e.g., in ettringite, 52 S-AFm, 53 and gypsum. 54 The RSF curves for ettringite and S-AFm immersed in 0.013 M CaSO4 show a secondary peak at 2.2 Å (peak d) that is enhanced relative to the spectra obtained for these materials when measured without immersion in 0.013 M CaSO4. This peak likely corresponds to MS of S-O-O atoms, which is predicted from FEFF path length calculations in Artemis software 39 using the bulk crystal structures of these materials. 52, 53 The RSF curve for gypsum shows a peak at 3.2 Å that can be assigned to SS of non-neighbouring S-O atom pairs positioned relatively closely to SO4 2tetrahedra. The S-O MS peak at 2.2 Å that is expected for gypsum (from FEFF calculations, 39 using its bulk crystal structure) is not apparent in the RSF data, potentially hidden behind the high-Å contributions from single scattering S-O atoms in SO4 2tetrahedra at this R distance.
The spectra for the C3A samples show a broad secondary peak comprised of two resonances at ~2.4 Å (peak e) and ~2.7 Å (peak f). The slightly modified shape and position of this peak in the RSF curve for C3A immersed in 0.013 M CaSO4 for 300 s to lower R distances at ~2.3 Å (i.e., towards peak d, Figure 3C ), is assigned to the increased number of S-AFm precipitates at this reaction time relative to 1-10 s. This assignment is consistent with the hexagonal plate-like precipitates observed by SEM after immersion in 0.013 M CaSO4 for 300 s ( Figure 2G ), and as ettringite, which is the only other material that contains this peak here, was previously discounted based on the k 3 -weighed χ data ( Figure 3B ). This analysis does not preclude the possibility that the hexagonal plate-like precipitates are partly AFm intercalated with other anions, e.g., OH -.
The broad secondary peak (peaks e and f) in the S K-edge XAS spectra for the C3A samples is also present in the RSF for katoite immersed in 0.013 M CaSO4 for 10 s, but not in the spectra for any other sample. Zeta potential and pH data obtained here for katoite are similar in water, -18.7 mV at pH = 12.5, and in 0.013 M K2SO4, -17.2 mV at pH = 12.4, consistent with a datum reported elsewhere. 35 Therefore, these data do not show a significant correlation between the EDL potential of katoite and the aqueous SO4 2concentration nor ionic strength. A recent electron microprobe analysis found no evidence for significant S incorporation in Si hydrogarnet (katoite is the Si-free end member of the hydrogarnet solid solution). The results of that work also indicate that the dissolution extent of katoite would be very low under the experimental conditions employed here (i.e., immersed in 0.013 M CaSO4 for 10 s at room temperature). 55 Therefore, these results most likely indicate that the SO4 2in the RSF of the katoite system is not structurally incorporated into the solid phase nor specifically adsorbed, but is rather adsorbed outer-sphere, diffuse layer or residual aquo SO4 2from the bulk solution that has deposited on the particle surface during sample preparation (washed with ethanol and subsequently dried). Consequently, the broad secondary resonance containing peaks e and f in the C3A samples can be assigned to these same deposited SO4 2complexes. A more detailed analysis comparing well-established model molecular structures of SO4 2adsorbates on calcium aluminate hydrate phases with these S EXAFS spectra, and a better understanding of the molecular structure of the partially-dissolved C3A surface, is necessary to confirm the identity of these S-bearing complexes: this work presents a first step towards this goal.
Ca K-edge XAS
Surface-sensitive Ca K-edge XAS data (typical TEY sampling depth is <several nm) were obtained to assess the chemistry of Ca at the C3A/solution interface on initial dissolution in aqueous CaSO4 solution (saturated with respect to gypsum, ~0.017 M CaSO4). The Ca K-edge XANES spectra for gypsum, C3A and C3A reacted in this solution for 1 s are similar ( Figure 4A) . Each spectrum contains a major peak b at ~4055.5 eV corresponding to the 1s  4p transition, 56 minor peaks c (4056 eV), d (4064.5 eV), e (4075 eV) and f caused by MS, and a peak c, which corresponds to the 1s  5s transition. 56 Peak f occurs at a lower energy in the XANES spectrum for gypsum (4083 eV) relative to the C3A samples (~4090 eV). The additional shoulders (peak a) at 4033.3 eV in the spectra for the C3A samples are ~1 eV lower relative to its position in the spectrum for gypsum (at 4034.3 eV), which is consistent with the lower average coordination number of Ca atoms in C3A (7.3) relative to 8 in gypsum 5 because the Ca K-edge energy generally increases as a function of the coordination number. 57 The minor resonances in the gypsum Ca K-edge XANES spectrum are less intense relative to those previously reported, 58 although they occur at the same energies. The lack of a double peak at peak b in the spectra for the sample containing C3A reacted in saturated gypsum solution for 1 s, characteristic of ettringite, 58 indicates that this phase is not present in this system, which is consistent with the S K-edge XAS results and analysis presented in section 3.3. for 1 second (abbreviated as s) is marked by 'C3A 1 s' (black solid lines), and data for gypsum and C3A are represented by dashed green and solid purple lines, respectively. In (C), the g peaks are marked by the grey shaded region.
The k 3 -weighted χ data for C3A and C3A reacted in saturated gypsum solution for 1 s are similar ( Figure 4B ), differing substantially from the data collected for gypsum. All of the data have relatively poor signal to noise ratios at k > ~10 Å -1 and anomalous spikes in intensity at 4.1 Å. The RSF for gypsum ( Figure 4C ) is generally consistent with both FEFF calculations 39 using its known crystal structure 54 and previously reported Ca EXAFS data for this phase, 58 here. Additional work, e.g., molecular simulations 34 and/or an extension of this Ca EXAFS analysis through use of model adsorbate molecular structures and a better understanding of the chemistry of partially-dissolved C3A is necessary to better determine the cause of this difference.
Model of C 3 A dissolution inhibition in aqueous solutions
The results presented in sections 3.1-3.4 do not identify SO4 2- or Ca cations as EDL potentialdetermining complexes and so do not indicate that they specifically adsorb to the Al-rich leached layer at the partially-dissolved C3A surface. This adsorption behaviour is consistent with neither SO4 2nor Ca cations alone providing the key rate-controlling mechanism for C3A dissolution in PC-relevant aqueous solutions, i.e., with pH > 12 and relatively high S and Ca concentrations (≥ ~10 mmol L -1 ). A more complex mechanism and potentially involving more than one chemical constituent would then be needed, considering C3A dissolution is uninhibited in Na2SO4 (aq), 40
overall inhibited 41 although more precipitates are initially formed in CaCl2 (aq) (i.e., within the first few minutes of hydration 9 ), and is inhibited in CaSO4 (aq). 6
Those previously reported results 6, 40 show that C3A dissolution becomes increasingly inhibited as a direct function of the aqueous Ca concentration in S-containing aqueous solutions. There is also a prevailing general consensus that S plays a key C3A dissolution rate-controlling role in PCrelevant aqueous solutions. 20, 21 This understanding can be reconciled with the results shown here if the presence of soluble S increases the local concentration of Ca at the C3A/solution interface, thereby acting to decrease the dissolution rate of Ca in the Al-rich leached layer that forms through dissolution of C3A (and consequently to inhibit dissolution of the underlying C3A solid, Figure   5 ). 17, 59 Non-specific adsorption of Ca-S ion pair complexes (section 3.1) onto this leached layer can be consistent with this explanation and with the results presented here. 7 and when the bulk aqueous S concentration approaches 0 in hydrated C3A and gypsum. 6 Figure 5 . Schematic representation of the model C3A/solution interface in aqueous CaSO4 solution with initially formed AFm (e.g., at 80 s in 0.013 M CaSO4, Figure 2F ) and subsequently precipitated ettringite (e.g., during dissolution of C3A in aqueous solution saturated with respect to CaSO4 and Ca(OH)2 6 ), at pH > 12, showing outer-sphere adsorption of Ca and Ca-S ion pair complexes (CaSO4 0 ) onto partially-dissolved C3A. AFm is depicted as OH-AFm without precluding precipitation of AFm with other intercalated anions e.g., SO4 2-. The positions, number and size of the model units shown are approximate: readers are referred to the crystallographic literature for accurate structures of the solid phases depicted. 4, 5, 52 C3A dissolution is occurring from right to left and is shown to rearrange near-surface structural units in the Al-rich leached layer. The C3A surface is depicted to bear a negative charge, which is expected at pH > 12, from preferential dissolution of Ca structural units, 17 and from outer-sphere Ca adsorption in this pH range. The EDL and Stern layer are both enlarged relative to their expected size in fresh PC systems (I ≈ 0.4 mol kg -1 , 60 thus κ -1 ≈ 4 Å in the absence of organic compounds).
Adsorption of PNS onto C3A, which is indicated by the zeta potential analysis shown in section 2.1 (Figure 2E ), can be anticipated to further inhibit C3A dissolution by blocking reactive surface sites. This interpretation is corroborated by isothermal calorimetry results. 13 The dissolution inhibiting effect of PNS would be stronger if it is added initially to the aqueous solution prior to introducing C3A, rather than afterwards, because surface precipitates could partly hinder the transport of PNS to the C3A surface, e.g., through adsorption. Additional evidence supporting the assignment of PNS adsorption to strongly inhibit C3A dissolution is found in the similar inhibiting functional groups may analogously occur between PNS and Ca, and potentially also between Ca-S complexes and the partially-dissolved C3A surface.. This latter effect would enhance the nucleation and growth of surface-bound precipitates (e.g., ettringite, Figure 5 ) and inhibit C3A dissolution if blocking of reactive surface sites outweighs the relative increase in undersaturation that would occur through removal of Ca and S from solution (e.g., when aqueous Ca and S concentrations are effectively constant before complete gypsum dissolution in the C3A-gypsum-H2O system 6 ). Hydration of C3A and PC is also inhibited by phosphates (e.g., Na3PO4 10,61 ), which form strong ion pair complexes with both Ca (e.g., CaHPO4 0 ) and Al (e.g., AlH2PO4 2+ ), and can further support the significant role of Ca-S complex adsorption in the model. Based on the model proposed here (Figure 5 ), compounds which adsorb onto the Al-rich leached layer of partially-dissolved C3A and contain Ca (e.g., CaSO4 0 ), and block reactive surface sites (e.g., PNS), are expected to inhibit C3A dissolution. These types of compounds can also be expected to inhibit the dissolution of other phases with similar chemistry to C3A, e.g., tetracalcium aluminoferrite, which is experimentally observed. 19 Therefore, the proposed C3A dissolution model provides a more unified description of the rate-controlling factor in aqueous C3A and CaSO4 systems, and by extension PC systems, than previously reported. This understanding can, e.g., be used to facilitate the development of improved chemical admixtures for fresh PC concrete, to improve the workability of this material. However, further experimental and modelling work is needed to clarify the molecular structure of adsorbates in aqueous C3A systems, and the surface chemistry of partially-dissolved C3A. This paper represents a preliminary step towards that goal.
Conclusions
This paper presented experimental results on the chemistry and morphology of the C3A/solution interface in aqueous Ca-, S-and PNS-containing aqueous solutions and a model of C3A dissolution that is consistent with the data presented and is relevant to fresh PC concrete. The zeta potential and pH results showed that the diffuse layer of C3A is compressed as a function of increasing ionic strength, with SO4 2much more effectively compressing the diffuse layer than Clirrespective of the balancing cation (K + or Ca 2+ ). These data also showed that the IEP of C3A occurs at pH ≈ 12 and the absence of an EDL charge reversal caused by S or Ca. This latter result was interpreted to indicate that these elements do not alone provide the key C3A dissolution rate controlling factor in fresh PC concrete. The SEM, X-ray ptychography and S and Ca K-edge XAS data obtained were consistent with this interpretation. Together with existing data which show that C3A dissolution in aqueous solution is greatly inhibited in the presence of Ca and S but not additional S alone, a model was proposed whereby the formation of an Al-rich leached layer and adsorption of Ca-S ion pair complexes onto this leached layer provide the key C3A dissolution rate limiting effect(s) in fresh PC concrete. This model also describes how macromolecules such as polyphosphonic acids and PNS are able to inhibit C3A dissolution, by blocking reactive surface sites through adsorption.
Morphological information of the C3A/solution interface obtained by SEM and X-ray ptychography indicated that predominantly AFm phases, including S-AFm and consistent with the S and Ca K-edge XAS data, precipitated on the partially-dissolved C3A particles analysed here.
Low to moderate coverage of these phases on C3A particles was found. Together with the zeta potential and pH data obtained, the results demonstrated that these surface precipitates partially contribute to but do not dominate the zeta potential results. Therefore, the proposed C3A dissolution model reconciles the results obtained here and reported in the literature, advancing the understanding of C3A dissolution in aqueous CaSO4 solutions.
Supporting information
The procedures used to synthesise S-and OH-AFm are described in Appendix A. XRD, TGA, PSD and specific surface area data of solid phases are shown in Appendix B. Plots of the pH > 10 regions in Figures 1A-1E are shown in Appendix C. Appendix D contains a reanalysis of data presented in 40 . This material is available free of charge via the Internet at http://pubs.acs.org.
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